Abstract
Introduction
Many cells, such as fibroblasts, plasma cells and hepatocytes, constitutively export specialized macromolecules directly from the Golgi within simple small vesicles [1] [2] [3] Fig. 1A and C) or, in other instances, as in eosinophils [4] and human mast cells [5] , can exhibit considerable structure. The contents of secretory granules range from proteins and proteoglycans to small molecules such as acetylcholine and histamine.
The now classical model of secretory granule formation holds that proteins are transported from the rough endoplasmic reticulum to the proximal or cis side of the Golgi cisternae, then through the Golgi to its opposite, trans-face [2, [6] [7] [8] [9] [10] [11] . While moving through the Golgi cisternae, the proteins undergo a number of modifications, and are ultimately packaged in transport vesicles or 'progranules' with variably electron-dense content. Morphological evidence has indicated that progranules, the smallest of which in some cells have volumes 1-2 orders of magnitude smaller than that of their respective mature secretory granules (Fig. 1) , can fuse to form structures which have been termed by various authors 'condensing vacuoles' or 'immature granules' [12] [13] [14] [15] [16] [17] [18] . Further modifications create the mature secretory granule [6, 7, [19] [20] [21] .
The ultimate fate of the secretory granule is release of the granule contents from the cell, accomplished by fusion of the limiting membrane of the secretory granule with the plasma membrane. A specific site of such fusion, termed the porosome, has been characterized in a number of cell types [22] . Moreover, in some cell types, secretion of granule contents can occur by the transient docking and fusion of the granule membrane with the plasma membrane [22, 23] . The period of time between secretory granule [17] , with the permission of the publisher.) ( [73] , with the permission of the publisher.) formation and release varies considerably depending on a variety of cell-specific factors. In the case of mast cells, granules may persist in the cytoplasm for days to months before being released by the cell [24] . By contrast, the life time of secretory zymogen granules of pancreatic acinar cells is typically a matter of hours in non-fasting animals [6, 25] . 
C), (D) Transmission electron micrographs of mast cells in the subcutaneous tissue of a 35 mm rat embryo (C) or a newborn rat (D). In (C), a mast cell in mitosis exhibits some MG with homogeneously electron dense content. Chr chromatin. Numerous progranules (PG in D) are present in the Golgi zone (Go in C). In (D), several progranules appear to have aggregated at 'a' and larger structures (f)
,
The 'unit granule' and evidence of granule-granule fusion
The notion that little happened to secretory granules between the time they were formed in the Golgi and secreted by the cell was challenged first on the basis of detailed morphometric analyses of secretory granules in mast cells [26] [27] [28] [29] and subsequently in pancreatic acinar cells [17, 30, 31] , as well as in several additional cell types [4, 32, 33] [27] . The peaks in this histogram identified correctly that the parent population of spheres comprise spheres of 1 and 2 unit volumes (Fig. 2) . This method can be used not only for true spheres but also for ellipsoid structures with an axial ratio, defined as the largest diameter divided by the diameter perpendicular to the largest diameter, of Ͻ1. 3 [34] .
This morphometric approach also depends on the ability of the moving bin method of continuous averaging of equivalent volumes to identify peaks in the distribution which closely approximate the true volumes of the structures sectioned [27, 35] . In the initial study of rat peritoneal mast cells, the same peaks were identified in the moving bin histograms of granule equivalent volumes using three different bin sizes and based on data derived from two different total numbers of granules (Fig. 3) (Fig. 3) . Application of this approach to mature secretory granules of rat [27, [36] [37] [38] , mouse [39] , mole rat [40] and human [5, 28] mast cells, mouse and rat pancreatic acinar cells [30, 31, 39] , rat eosinophils [4] and rat neuroendocrine cells [32, 33] (Fig. 4 , 'Regranulation data') [37, 56] . The simplest and, we suggest, most likely explanation of these observations is that the Golgi continuously produces unit granules whose size and content are tightly constrained and largely constant over the lifetime of the cell whereas, over time, the progressive fusion of these unit granules results in larger granules. These processes thus are responsible for both an increased mass of granules, and an increased content of histamine, heparin and, presumably, other mediators which are stored in the granules.
Evidence for two models of secretory granule formation, unit addition and random fusion
The Monte Carlo method can be used to predict the distribution of secretory granule sizes which would be observed in two possible models of granule-granule fusion, analogous to 'addition' and 'condensation' models of polymerization [57, 58] : (1) [31, 36] .
Beige mice have a genetic syndrome characterized by unusually large secretory granules within mast cells (Fig. 5) and certain other cell types [59] [60] [61] [62] . When mast cell secretory granules were analysed in beige versus the corresponding wild-type mice, the [55, 56] , with the permission of the publisher: S. Karger, Basel; figure in lower panel is reproduced from [37] , with the permission of the publisher.) [67] .
Fig. 5 Dermal mast cells from (A) a C57BL/6 wild-type mouse and (B) a
LvsB is the orthologue of Lyst in the amoeba Dictyostelium discoideum. In this species, GFP-labelled LvsB was localized to post-lysosomes, secretory organelles that eventually fuse with the plasma membrane and release their contents [68, 69] . Functional evaluation in LvsB-null amoebae revealed that the loss of LvsB resulted in inappropriate heterotypic fusion of different intracellular compartments [69] . Notably, LvsB null cells exhibited both enlarged acid lysosomes and very large post-lysosomes [69] . The authors concluded that Lyst proteins act as negative regulators of fusion and suggested that Lyst may provide specificity for endosomal fusion [69] . In a contradictory study analysing a lvsB knockout in Dictyostelium, Charette and Cosson [70] [17] ) to form a structure termed by various authors a 'condensing vacuole' [7, 72] or an 'immature granule' [14, 15, 17, 18, 73] . Second, in many cell types, there is also a significant reduction of the volume and, in some cases, a reorganization of the contents, of the condensing vacuole/ immature granule, in a process that has been termed 'condensation' [6, 7, [19] [20] [21] . In some instances, condensation includes formation of amyloid-like aggregates [74] . Finally, there must be a balancing of the progranule fusion and condensation processes to achieve a mature unit granule whose volume is very narrowly constrained, e.g. the coefficients of variation of rat and mouse pancreatic acinar cell unit granules are Ͻ0.2 and in the range of 0.08-0.16, respectively [31, 51] .
Formation of unit granules: progranule fusion, immature granule maturation and membrane conservation

The evidence reviewed above indicates that unit granules exist and that, in mast cells, pancreatic acinar cells and other cell types, the populations of mature secretory granules in individual cells comprise unit granules and larger granules whose volumes are multiples of unit granules. The phenotypic effects of Lyst mutations suggest that Lyst participates in a mechanism that controls granule-granule fusion by restricting the fusion mechanism to unit granules. But what is the mechanism that controls the volume of the unit granule? Lyst appears to be involved in this process, in that unit granules in beige (Lyst bg /Lyst bg ) mouse mast cells arẽ
18-fold the volume of those in wild-type mast cells [39]. However, the process that results in the formation of unit granules is likely to be quite complex. The first stage of the process is the production and fusion of many progranules (Ͼ100 in the case of mouse pancreatic acinar cells
Arguably the most likely points of control in this process are the production by the Golgi of progranules of relatively uniform size and the regulation, by either a 'counter' or a 'timer', of the number of such uniform progranules that fuse to form an immature unit granule. Using data drawn primarily from the analysis of these processes in rat and mouse mast cells and mouse pancreatic acinar cells, we will comment on two aspects of the production of unit granules: progranule fusion and immature granule maturation and the accompanying process of membrane conservation.
Progranule fusion and immature granule maturation
In mast cells, ultrastructural observations [26, 27, 38, 39, 55, 56, 73, 75] [25, 29, 31, 39] , eosinophils [76] and other cell types [7] . [17] . In many cell types, including pancreatic acinar cells [6, 72] and mouse and rat mast cells [12, 55, 56, 73, 77] , the immature granules contain variable mixtures of electron dense and electron lucent content (Fig. 1B) [5, 37, 56] . In rat peritoneal mast cells, the mast cells identified immediately following induced secretion exhibited a substantial decrease in cell volume associated with granule loss. One month later, the total number of granules had returned to baseline but the total volume of granules had not returned to the original value (Fig. 4, 'Regranulation data') [37] .
Moreover [37] . The reduction in the calculated volume of the unit granule associated with granule maturation, and the fact that immature granules with heterogeneous content by EM were multimodally distributed, suggest that in rat mast cells, immature granules may be able to undergo fusion even before the process of granule condensation is complete, at least under certain circumstances. This conclusion is consistent with morphometric [4, 32] , morphological [80] [81] [82] [83] , fluorescence imaging [84, 85] , biochemical [19] and patch-clamp [86] [27, 28, 31, 38, 39] [91] [92] [93] [94] [95] [96] [97] protein tyrosine phosphatase MEG2 [98] , and molecules involved in the Rab cycle [99] , as well as particular SNAREs and SNAPs [62, 67, [100] [101] [102] [103] [104] .
Conclusions and future directions
In 
